Objectives: Our study aimed to evaluate the effects of ferrous sulphate supplementation on iron regulation and homeostasis in pregnant rats.
Methods: Twenty-four pregnant rats were divided into four groups; including the control (untreated) pregnant group and the pregnant groups that received ferrous sulphate starting at the 1st trimester (1st day of pregnancy), 2nd trimester (8th day of pregnancy), and 3rd trimester (15th day of pregnancy). Ferrous sulphate was administered orally with an oral gavage until birth. Serum iron and total iron binding capacity were measured by a colorimetric method. Hepcidin levels were measured using an immunoassay method.
Results:
The serum iron, transferrin saturation, and hepcidin levels were significantly increased in the group given iron sulphate in the 3rd trimester compared with the 2nd or 1st trimesters and in the 3rd trimester compared with the 2nd trimester (p < 0.05). The total iron binding capacity levels were significantly decreased in the group that received iron sulphate in the 1st trimester compared with the 2nd or 3rd trimesters (p < 0.05). The total iron binding capacity levels were also significantly decreased in the group that received iron sulphate in the 2nd trimester compared with the 3rd trimester (p < 0.05).
Conclusions: Early administration of ferrous sulphate in pregnancy leads to higher levels of serum iron, transferrin saturation, and hepcidin.
Introduction
During pregnancy, the systemic iron requirement increases 10-fold to support placental and foetal growth. 1 Iron requirements increase during pregnancy due to the expansion of the maternal erythrocyte mass and the high demand for iron in the growing foetus. These requirements are initially met through mobilization of maternal iron stores (principally from the liver), but as iron stores become depleted, intestinal iron absorption increases to maintain an adequate iron supply for both the mother and her offspring. 2, 3 The foetus obtains its iron via the placenta, which sequesters transferrin-bound iron from maternal circulation. The rate of maternal-foetal transfer increases with the increasing size of the foetus and placenta and is maximal just prior to parturition. 4, 5 Iron absorption is also maximal at this time. 6 Foetal and neonatal iron deficiency results in decreased growth, immunological dysfunction, anaemia, and irreversible cognitive defects. 7 Iron supplementation is highly recommended to prevent iron deficiency anaemia during pregnancy. 1 The bioavailability and iron absorption from the daily diet are influenced by the type and quantity of iron present in food, as well as by the presence of inhibitors and promoters of iron absorption in the diet and the individual's iron status. 8 Several biomarkers have been used to assess the iron status in individuals. These include haemoglobin, serum ferritin, zinc protoporphyrrin, total iron-binding capacity, and transferrin saturation. 9 For most living organisms, iron is essential, but potentially toxic, making the maintenance of systemic iron homeostasis critical. This homeostasis is orchestrated by the hormone hepcidin, which regulates the levels of the cell membrane iron exporter ferroportin. Hepcidin binds to ferroportin, inducing its degradation and leads to decreased iron availability. 10 Therefore, this study aimed to investigate the effect of a time course of ferrous sulphate supplementation on iron regulation in pregnant rats.
Materials and Methods

Animals
Twenty-four pregnant female rats (Rattus norvegicus), age 8 weeks, weight 100e200 g were divided into four groups, including the control (untreated) pregnant group and the pregnant groups that received ferrous sulphate starting at the first trimester (1st day of pregnancy), second trimester (8th day of pregnancy), and third trimester (15th day of pregnancy). This study was conducted at the Pharmacology Laboratory, Faculty of Medicine, University of Brawijaya, Malang, East Java, Indonesia.
Ferrous sulphate treatment
Ferrous sulphate powder was created using a mortar and was dissolved in water (60 ml volume containing 300 mg). Ferrous sulphate treatment was performed on the 1st day of pregnancy, 8th day of pregnancy, and 15th day of pregnancy. Ferrous sulphate was administered orally with an oral gavage until birth.
Serum collection
At the end of the experiment, the rats were anesthetized with ketamine intramuscular injection, and then the serum was obtained. All samples were stored at À80 C until used for analysis.
Serum iron and total iron binding capacity analysis
A commercial colorimetric serum iron and total iron binding capacity detection kit (Quantichrom Iron Assay Kit, Catalogue No: DIFE-250, BioAssay System) was used to measure serum iron and total iron binding capacity levels in the serum sample.
Hepcidin analysis
A commercial hepcidin detection kit (Cussabio, catalogue No. CSB-ELO10124RA) was used to measure hepcidin levels in the serum sample.
Statistical analysis
Data are presented as the mean AE SD, and the differences between groups was analysed using one-way analysis of variance (ANOVA) with SPSS 16.0 statistical package for Windows. Only the probability values of P < 0.05 were considered to be statistically significant and later subjected to Post hoc test. Table 1 presents the serum iron levels in the various experimental groups. The levels of serum iron were significantly greater in all three groups treated with ferrous sulphate compared with the control group (p < 0.05). The serum iron levels were significantly decreased in the group given the iron sulphate in the third trimester compared with the second or first trimesters (p < 0.05). The serum iron levels were also significantly lower in the group treated with the iron sulphate in the second trimester compared with the first trimester (p < 0.05). Thus, higher levels of the serum iron will result when iron sulphate is given earlier in pregnancy.
Results
The total iron binding capacity levels in the control group and the groups administered iron sulphate during pregnancy is shown in Table 1 . The total iron binding capacity levels was significantly lower in all treatment groups compared with the control group (p < 0.05). The total iron binding capacity levels were significantly decreased in the group given iron sulphate in first trimester compared with the second or third trimesters (p < 0.05). The total iron binding capacity levels were also significantly decreased in the group given the iron sulphate in the second trimester compared with the third trimester (p < 0.05). Thus, the earlier iron sulphate is given in pregnancy, the lower the levels of the total iron binding capacity will be. Table 1 also presents the transferrin saturation levels in the various experimental groups. The levels of transferrin saturation were significantly greater in all three groups treated with ferrous sulphate compared with the control group (p < 0.05). The transferrin saturation levels were significantly increased in the group given iron sulphate in first trimester compared with the second or third trimesters (p < 0.05). The transferrin saturation levels were also significantly higher in the group treated with the iron sulphate in the second trimester than in the third trimester (p < 0.05). Thus, the earlier the iron sulphate is given in pregnancy, the higher the levels of transferrin saturation will be. Table 2 presents the serum hepcidin levels in the various experimental groups. The levels of serum hepcidin were significantly greater in all three groups treated with ferrous sulphate compared with the control group (p < 0.05). The serum hepcidin levels were significantly increased in the group given the iron sulphate in the first trimester compared with the second or third trimesters and in the second trimester compared with the third trimester (p < 0.05). Thus, the earlier in pregnancy the iron sulphate is given, the higher the levels of serum hepcidin will be.
Discussion
Iron homeostasis results from a complex set of events that start with the absorption of iron by the intestinal cells, its transport into the cell, and its further release into the blood stream, where it is transported by carrier proteins (i.e., transferrin) and stored in different body stores, which are mainly bone marrow, liver, and spleen (known as ferritin complexes). 11, 12 In states of iron overload or supplementation, the iron level will be high, and the TIBC will be low or normal, causing the transferrin saturation to increase. In this study, the earlier ferrous sulphate is given during pregnancy, the higher the levels of serum iron and transferrin saturation will be. This shows that the administration of ferrous sulphate starting at the first trimester of pregnancy can increase iron absorption through the intestine, which causes increased levels of serum iron and protein carrier. Total iron binding capacity is the ability of the blood to bind iron with transferrin. In other words, total iron binding capacity reflects the amount of iron that can be transported in the blood. Total iron binding capacity was calculated from the sum of measured unsaturated iron-binding capacity (UIBC) and measured serum iron (i.e., TIBC ¼ UIBC þ serum iron). 13 In this study, administration of iron sulphate in the first trimester has a value of total iron binding capacity that is significantly lower than the second and third trimesters. In other words, the earlier ferrous sulphate is given, the lower the total iron binding capacity will be. Our findings are consistent with previous studies that revealed that during pregnancy, sTfR responds to iron supplementation when there is iron-deficiency anaemia. During the first trimester of pregnancy, serum and urinary hepcidin were positively correlated with ferritin and negatively correlated with serum transferrin receptor (sTfR) index, a sensitive indicator of iron deficiency. 16 Similarly, throughout the gestational period, serum hepcidin correlated positively with ferritin and transferrin saturation and negatively with sTfR and haemoglobin concentration. 17 This finding suggests that hepcidin regulation by iron and erythropoiesis is preserved in pregnancy. 18 In our study, the levels of serum hepcidin were significantly greater in all three groups treated with ferrous sulphate compared with the control group (p < 0.05). The serum hepcidin levels were significantly increased in the group given the iron sulphate in the first trimester compared to the second or third trimesters and in the second trimester compared with the third trimester (p < 0.05). Thus, the earlier in pregnancy the iron sulphate is given, the higher levels of the serum hepcidin levels will be. Our finding indicates that the increase in iron status from ferrous sulphate supplementation will reduce iron demand. Our study is consistent with previous studies that demonstrate that the increase in iron demand during pregnancy is met by an adaptive decrease in maternal hepcidin levels, which leads to enhanced iron absorption. This is a highly conserved process observed in humans and animal models. 6, 15, 19 In conclusion, the earlier the beginning of ferrous sulphate is given in pregnancy, the higher the levels of serum iron, transferrin saturation, and hepcidin will be.
